This report evaluates an image registration technique which can improve the information content of intra-operative image data by deformable matching of pre-operative images. In
Introduction
Prostate cancer represents a major challenge for modern medicine. It is the most common noncutaneous malignancy diagnosed in men in the US [1] . As the secondleading cause of death from cancer in American men, the disease is a significant cause of morbidity and mortality. Currently, three major therapies are available for treating clinically localized disease: radical prostatectomy, external beam radiation therapy and interstitial radiation delivery (brachytherapy). It has been shown that there are significant side effects that may result from radical surgical or radiation treatment, including genitourinary, gastrointestinal and sexual dysfunction [2] . These complications represent significant issues because not all those diagnosed will necessarily die from prostate cancer. Thus, a balance between definitive cancer control, preservation of physiologic function and maintenance of quality of life is an important goal. These issues have made highly accurate treatment delivery extremely important in therapy for localized prostate cancer. Indeed, image guided interventions such as transrectal ultrasound (TRUS)-guided brachytherapy are increasingly performed within the field of radiation oncology and prostate cancer therapy.
A recently-developed treatment option is magnetic resonance (MR)-guided brachytherapy, performed in an open-configuration 0.5 tesla (T) interventional MR scanner [3] . This technique combines the superior soft tissue contrast of MR with the flexibility of intra-operative imaging. In our practice, the peripheral zone (PZ) of the prostate is selected to be the clinical target volume (CTV) [3] . This system allows for intra-operative I-125 seed placement planning based on a CTV which is defined using intra-operative T2-weighted fast spin echo (FSE) MR images. During the procedure, fast gradient recalled (FGR) images obtained in near real time (approx. 4 s per image) are used for needle guidance and seed placement. The implant is performed using a perineal template with the patient in the lithotomy position (as it is in conventional TRUS-guided implants).
Although 0.5 T T2-weighted images provide good visualization of the gland [3] , 1.5 T imaging with an endorectal coil provides better spatial resolution and contrast. In particular, the ability to visualize the substructure of the prostate (central gland (CG) and PZ) is much improved [4, 5] . Pre-treatment 1.5 T images provide detail, allowing accurate definition of the gland, its margins, and in most cases, the tumor, all of which are useful for complete treatment planning. It should be noted that of all modalities, MR imaging of the prostate provides the most optimal imaging not only of the gland and its adjacent structures, but importantly, of its substructure. The quality of MR imaging exceeds that of CT. In particular, CT images cannot accurately define substructure nor can they define the inferior and superior borders of the prostate.
To date, little work has been published with the objective of applying rigid and non-rigid registration systems to prostate images. Most methods employed manual matching using visible landmarks [6, 7] . Prior work by van Herk [8] attempted to quantify rigid translation and rotation (without deformation) of the prostate between (proton density) MR and CT imaging studies. In this study, the position of the patient was always supine, never moving to the lithotomy position as in our study, and the endorectal coil (1.5 T) and rectal obturator (0.5 T) were not employed.
We have found that a significant prostate shape change occurs between preoperative 1.5 T endorectal coil imaging (in which the patient is supine) and intraoperative 0.5 T imaging (with the patient in the lithotomy position). In particular, in the pre-operative images, the gland appears to have a smaller anterior-posterior dimension and a wider transverse dimension than in the intra-operative images [9] . These changes in shape likely result from differences in rectal filling and/or patient position necessitated by the procedure. Differences in rectal filling may be explained by the fact that preoperative imaging is performed with an endorectal imaging coil (surrounded by an inflatable balloon) while during MR-guided brachytherapy, a smaller rectal obturator is placed in the rectum (to fix a perineal template).
The main objective of this study is to evaluate a novel approach for improving the information content of 0.5 T intra-operative images by matching pre-treatment 1.5 T images using a finite element model-based deformable registration system. The method, previously presented elsewhere [10] , is suitable for application in prostate matching, since it attempts to preserve the biomechanical topology of the soft tissue. The matching is performed on MR-guided brachytherapy image data by rigidly and then non-rigidly registering the pre-operative 1.5 T images to intra-operative 0.5 T images. Although this strategy was tested on MRI-guided brachytherapy data, it could potentially be applied to other settings such as TRUS-guided therapy, where integration of pre-operative MRI may have a great impact upon treatment planning and guidance. Similar glandular deformations due to patient position and rectal filling may occur with TRUS.
After creating and validating a dataset of manually segmented glands from images obtained in 10 sequential MR-guided brachytherapy cases, we conducted a set of experiments to assess our hypothesis that a deformable registration system can significantly improve the match between pre-and intra-operative prostate images.
Materials and Methods

Patient Selection and imaging protocols
Ten sequential MR-guided brachytherapy patients were identified retrospectively, excluding those who had undergone previous external beam radiation therapy (as this can produce confounding shape and signal intensity changes in the gland). The entry criteria for patients into the MR-guided brachytherapy program at our institution have been previously described [3] .
All patients underwent pre-operative 1.5 T MR-imaging using an endorectal coil with integrated pelvic phased multi-coil array (Signa LX, GE Medical Systems, Milwaukee, WI). The endorectal coil is a receive-only coil mounted inside a latex balloon, and assumes a diameter of 4-6 cm once inflated in the patient's rectum). The patient is placed supine in the closed-bore magnet for the imaging examination. [11] . Each patient was placed in the lithotomy position in order to facilitate prostate brachytherapy via a perineal template. The perineal template is fixed in place by a rectal obturator (2 cm diameter).
T2-weighted FSE images (axial and coronal, 6400/100, field of view of 24cm, section thickness of 5mm, section gap of 0 mm, matrix of 256 x 256, 2 signal averages) were acquired in the MRT scanner using a flexible external pelvic wrap-around coil, with typical acquisition times of 6 minutes.
Segmentation
The 3D Slicer [12] is a surgical simulation and navigation tool which can display multi-modality images either two-or three-dimensionally. In this study, the 3D Slicer was used to facilitate manual segmentation (i.e. contouring) of the CG and PZ of the prostate in T2-weighted images from the 1.5 T and 0.5 T studies. The 10 cases were randomly divided into two balanced sets, with each set containing 5 cases. Each set was assigned to an operator. For the assessment of reliability of segmentation, the operator independently and blindly segmented the 1.5 T and 0.5 T datasets 5 times in random sequence. In segmenting the 0.5 T datasets, the operator was permitted to refer to preoperative (1.5 T) scans, in accordance with actual brachytherapy sessions.
Image registration strategy A software system was developed to automate the process of first rigid and then non-rigid registration of the image datasets (Figure 1) . In order to apply deformable registration, a rigid registration step was necessary to center the pre-and intra-operative image series about the same point and correct for scaling (based on supplied voxel dimensions). The automated system first resampled both datasets to have isotropic voxels matching the in-plane voxel dimension of the pre-operative datasets (usually ~0.39 mm).
The system then computed the center of mass of the 1.5 T and 0.5 T segmented datasets using the total gland (TG) voxels and translated (without rotation) the datasets in order to center them about the same voxel.
The three-dimensional image matching system described in [10, 13] was then used to perform deformable registration on the datasets. In summary, the method involves the following steps: 1.) a finite element model with tetrahedral elements is created from the segmented images derived from the initial pre-operative 1.5 T scans; 2.) the central gland and peripheral zone are labeled separately within the mesh, allowing different material properties to be assigned to each region ( Figure 2) ; 3.) the boundary surface is extracted from this mesh and is treated as an elastic membrane which is deformed iteratively in three-dimensions so as to match the corresponding boundary of the segmented (TG) datasets derived from the 0.5 T intra-operative scans, using an active surface algorithm described in [14] ; 4.) the surface deformations from step 3 are used as inputs in the finite element model so as to infer a volumetric deformation field; and, 5.) the volumetric deformation field from the previous step is interpolated onto the original image grid (either the segmented or original grayscale image dataset).
Thus, the modeling system accepts as input segmentations of the CG and PZ from the pre-operative (1. The finite element modeling system described above is based upon an isotropic, linearly elastic material framework (discussed below, and see [10] ). Such materials are characterized by two parameters: Young's elastic modulus E and Poisson's ratio ν.
Young's modulus is the elastic modulus for tensile stress, and represents the ratio of stress (force per area) to strain (fractional increase in length) in the direction of the load for a given material. Poisson's ratio is the ratio of the strain perpendicular to the applied load (lateral strain) to the strain in the direction of the applied load (axial strain). Together, these parameters determine the elastic properties of the material being modeled. In our model, the CG and PZ are segmented as separate structures, and a tetrahedral mesh is generated for each, sharing common mesh nodes at the common boundary. 
Experiment protocol
It is first necessary to validate the dataset of multiply (manually) segmented prostate glands (TG and CG/PZ) from the pre-and intra-operative imaging sessions to establish that this can be done reliably in both image datasets. In order to evaluate the agreement in any pair of repeated measures using two independent two-dimensional segmentation occasions, a measure of similarity between two segmentations was adopted.
For voxel-by-voxel classification-agreement, as is necessary for comparison of MRI segmentation datasets, the Dice similarity coefficient (DSC) has been employed [15, 16] .
The DSC is given by
where a is the number of voxels common to (shared by) both datasets; b is the number of voxels unique to the first dataset; c is the number of voxels unique to the second dataset;
A 1 and A 2 are the set of voxels identified as signal in the first and second dataset, respectively and; n{A} is the number of elements in set A. It has been shown that the DSC may be interpreted as a special case of the widely-used Kappa coefficient (see [15] , [17] - [18] ). The DSC is appropriate in comparison-of-agreement studies, and has been employed in previous studies of this nature [17] , including, specifically, segmentationagreement [15] . It is generally accepted that a value of DSC > 0.7 represents excellent agreement [15] .
Next, the difference in quality of match between pre-and intra-operative datasets as a result of the deformable registration system was assessed. The DSC for the 0.5 T "standard" and the undeformed and deformed 1.5 T segmentations was computed, separately for TG, CG and PZ before and after deformable registration. Similar analyses comparing the volume of TG, CG, and PZ were carried out.
As an additional measure of deformable registration accuracy, 2 sets of points were manually selected in corresponding mid-axial slices of the rigidly registered preand intra-operative scans in each of the 10 cases. These points were selected in consultation with an expert in pelvic imaging, using the image display and navigation software described in [12] . In the 1.5 T dataset, the first point (Point 1) was selected at the posterior border of the PZ near the midline and the second point (Point 2) was selected at the posterior border of the CG near the midline (Figure 3 ). The corresponding points in the 0.5 T images were selected using standard midline structures (such as the pubic symphysis) as well as patient-specific local image intensity characteristics (e.g.
such as a local nodule of benign prostatic hyperplasia, etc.) for reference. The movement of the manually placed landmarks in the deformed (by our algorithm) pre-operative data was tracked. The distance between the corresponding identified points in the 0.5 T dataset and the undeformed and deformed pre-operative 1.5 T images was measured and compared. As a measure of within-case variability, one case was selected at random and the measurements were repeated on the five separate runs of the modeling system (based on the 5 separate segmentations).
Statistical Methods
Assessment of Segmentation Agreement
In order to validate our multiply segmented 1.5 T ("MRI") and 0.5 T ("MRT") datasets, we conducted an agreement-of-repeated-segmentations study. We Because any DSC-value was restricted between 0 and 1, but tended to vary close to 1, a log transformation of the DSC-value was used and the confidence interval was first constructed in the log space and then transformed to the restricted DSC space. Here we did not pool the cases of the two operators with the consideration that these operators might have different underlying reliability results. The intra-class correlation coefficient [19] for measuring agreement within any segmentation pair was computed. Additionally, a two-way analysis of variance (ANOVA) F-test was conducted to assess the statistical significance of the effects of case or segmentation occasion on the disagreement in any segmentation pair.
Assessment of Registration Agreement
Because the above validation study did not indicate a significant difference in segmentation occasions by the two operators, all 10 cases were pooled in the subsequent analysis and comparison of pre-and intra-operative results. For each of the 6 combinations of methods (MRI and MRT) and area of the gland (CG, PZ and TG), summary statistics of the DSC measures, as well as a 95% confidence interval, were reported separately for the shapes with and without (finite element-based) deformation.
The statistical hypothesis that the mean DSC was improved after finite element-based deformation of the gland was tested using a one-sided paired t-test. The case effects were also evaluated using a stratified analysis by case. Finally, a two-way ANOVA with case replicates was used to assess the statistical significance of the effect of shape (with and without deformation) and the effect of case on the DSC-values.
In the analysis of volume for CG and PZ pooled over all 10 cases, a log transformation was first applied to symmetrize the data and for variance stabilization.
Summary measures and a two-way ANOVA were calculated to assess and compare the volume due to either shape effect with and without deformation or to case effect.
In the point-tracking experiment, summary statistics (mean, standard deviation and range) of the displacements (mm) of Points 1 and 2 in the undeformed and deformed pre-operative images as compared to the corresponding points in the target (intraoperative) images have been computed. In addition, paired t-tests were performed to assess whether the distance between the corresponding points was reduced after deformable registration. In the repeated-measurement experiment, the reproducibility of the measurements was assessed by computing the coefficient of variation (the ratio of the standard deviation to the mean).
Results
Assessment of Segmentation Agreement
The mean DSC-values over 10 segmentation occasions and 5 cases for each operator are presented in Table I . All 95% confidence intervals had lower bounds above 0.70, with the latter DSC-value used as the benchmark value for excellent agreement [15, 20] . As expected, all underlying mean DSC-values were statistically significantly greater The ANOVA F-tests suggested that the effect due to repeated segmentation occasions was not statistically significant for most cases, except for 1.5T MRI+TG (p<0.005) and for 0.5T MRI+TG (p=0.04) by the second operator. This suggested that there was slight operator variability in the segmentation performances. In addition, the effect due to cases was statistically significant (p<0.005) for all combinations. This may explain some of the operator variability.
Assessment of Registration System
The registration strategy described above was run on each of the five (repeat)
segmented datasets derived from each of the 10 cases. In each case, the TG contour of the pre-and intra-operative datasets was used for the initial rigid registration. The similarity results over all 10 cases are shown in Table II Figure 4 shows the inferred CG and PZ boundaries and Figure 5 illustrates the deformed pre-operative grayscale image registered so as to match the 3-dimensional surface contour of the intra-operative image series.
The volume results over all 10 cases are summarized in Table III Summary results of the manually-identified point tracking experiment are given in Table IV 
Discussion
We have created and validated a retrospective dataset of segmented prostate glands from pre-and intra-operative studies of patients who previously underwent MRguided prostate brachytherapy. Using an automated system, these data series were registered by translating them to align corresponding centers of mass, and deformed anatomical or treatment seeds), has been used to match US to CT [6] and radiographs to MR [21] to assess post-implant dosimetry, as well as to match CT to MR for assessment of conformal radiation therapy [7] . However, these were inherently manual approaches, and required visible landmarks. In the analysis by van Herk [8] , rigid registration (translation and rotation) of the prostate in MR and CT studies was achieved using a chamfer matching technique. In this study, the poorer quality of prostate matching as compared to bone was attributed to shape differences of the gland, or segmentation error.
However, the observed shape changes were sufficiently small that consistent results were obtained using a rigid registration system. It must be noted that in van Herk's study, the patient position was fixed (supine) and the endorectal coil and rectal obturator were not employed. These factors apparently contribute to the large shape changes that we have observed between pre-and intra-operative prostate imaging [9] .
Our rigid registration strategy consisted of translation without rotation because in our datasets, rotations about the base-apex and anterior-posterior axes were not observed.
However, it is possible that some degree of rotation occurred about the left-right axis (i.e. a forward roll), or that a combination of rotation and deformation occurred.
Unfortunately, using current imaging systems, it is not possible to distinguish these components with certainty. Although visual inspection of the rigidly registered datasets suggested that our approach was satisfactory, it is nevertheless important to note that our modeling system will explain changes in shape as a deformation. Other systems which compute rigid registrations with only free rotation may equally explain deformation changes as rotation. Future advances in high resolution pelvic imaging may clarify this.
To our knowledge, our study represents the first time that a biomechanical finite element-based deformable registration system has been applied to prostate image data.
Since the modeling system is able to infer volumetric deformation based upon surface displacements, it is not necessary to quantify the potentially numerous surface-acting forces that may be responsible for the gland's deformation. Another advantage of the method is that surface correspondences are determined automatically during the active surface matching (based on TG contours); consequently, manual selection of individual correspondences (which is subject to human error) is not required.
A limitation of the current registration method is that it uses a linearly elastic and isotropic framework. The assumption of tissue isotropy has never been tested for the prostate. In addition, the choice of a linear elasticity framework may not be ideal due to the large deformations encountered (notwithstanding the matching results noted above).
Although the model permits tissue inhomogeneity (separate selection of Young's modulus and Poisson's ratio) for the CG and PZ, the choice of parameters was restricted by the paucity of literature dealing with in vivo assessment of prostate biomechanical tissue properties (as mentioned earlier). While experimental and numerical work has been done to estimate E and ν for the brain [22] and some other tissues, to our knowledge these parameters are not known for prostate tissues. As discussed, the choice of parameters was determined by varying the values of E and ν on a single case, and identifying the parameters which gave the most anatomically accurate matching results (held fixed for subsequent trials).
The parameters used for the PZ are similar to those selected by others for brain parenchyma [23] . The values selected for the CG reflect a higher E (consistent with a stiffer tissue [23] ) and a smaller ν (possibly a result of fluid movement or tissue changes).
However, it is extremely important to note that in this study, the selected values for E and ν represent the macroscopic behavior of the entire tissue in our modeling system, but may not be representative of the microscopic properties of the tissue itself. These parameters are better regarded as "apparent" values which were selected on the basis of image match quality (see [24] where apparent ν values were selected based on anatomical variability).
Although the selected parameters gave coherent results in our experiments, further validation with higher resolution imaging or experimentation is required.
Significant volume changes did not occur despite the fact that the ν values are not 0.5. This result is related to the fact that the pre-operative TG surface is matched to the intra-operative TG boundary (active surface match). This constrained the volume change of the deformed pre-operative TG, allowing the algorithm to correctly represent the biomechanical topology of the gland. Thus the choice of tissue parameters had a greater effect on final node position than cell size. However, current limitations in image contrast and resolution will influence the accuracy of volume measurements in this study.
Area-based and point-based measures were used to assess the accuracy of the deformable registration system. One difficulty in assessing registration is that the highest resolution imaging occurs in the pre-operative setting. However, it is the conformation of the gland in the intra-operative setting which is most important for procedure planning.
Thus, the intra-operative appearance of the gland must serve as the standard to which matching results are compared. Using pre-operative T2-weighted MR imaging with an endorectal coil, the TG contour as well as that of the CG, PZ and in many cases, tumor foci can be identified. In the intra-operative imaging, the TG is still relatively easy to identify. The CG and PZ also can be identified, however the segmentation is more difficult because of the relatively poorer soft tissue contrast and resolution (related to the lower field strength; see Figure 5 ). Substructure delineation at low-field (0.5 T) strength is particularly difficult if there is diffuse T2 hypointensity of the PZ, due to tumor, prior external beam or interstitial radiation therapy, hormonal therapy or prostatitis (the latter three factors were excluded in our study). This variability can be seen by comparing
Figures 5 (c) and (f) (from different patients).
This motivates our desire to predict internal anatomy and deformation based on changes in the TG contour. To assess this, segmentation agreement was measured before and after deformable registration (Table II) using a previously described similarity measure ( [15] , [25] ). Although the "ground truth" in this experiment was manual segmentation of the CG and PZ from 0.5 T imaging (where substructure can be difficult to identify), this was necessary in order to verify the accuracy of the output. This approach also has the advantage of comparing registration accuracy over the entire gland.
Further validation was conducted by tracking the displacement between manuallyidentified corresponding points before and after deformable registration (Table IV) .
These experiments showed that by applying a deformable registration system, it is possible to significantly improve the correspondence between MR images obtained preand intra-operatively, when compared to rigid registration alone. Essentially, this can result in higher "information-content" 0.5 T images, which combine the additional detail seen at 1.5 T with the convenience of intra-operative imaging. In addition, the CTV (the PZ) can be predicted in every slice based upon surface contour displacements using this approach. Consequently, a segmentation of the PZ made on the high-resolution preoperative data series can be mapped onto the intra-operative dataset, potentially improving the accuracy and speed of delineating the CTV intra-operatively. The total time consumption of the process (approximately 6 minutes) should be satisfactory for intra-procedure use; however, further speed improvements are expected based on hardware improvements and optimization of the software (particularly its parallel implementation).
It must be noted that the region of the gland with poorest agreement prior to deformable registration was the PZ. In our experiments, this region had a mean DSC value of 0.59 (following rigid registration using the center-of-mass), which is lower than the (DSC > 0.7) criteria set out for excellent agreement in [15, 20] . As this region is the CTV for MR-guided brachytherapy, this is the region of the gland which must be accurately delineated. Following deformable registration, the mean DSC value for the PZ rises to 0.76, representing a statistically-significant increase (p<0.005). Thus, it appears that the method is able to significantly improve the quality of the match for the CTV.
Although this study demonstrates the application of this modeling approach for 1.5 T to 0.5 T MR deformable registration, the approach clearly has implications for multi-modality (i.e. MR, MR-spectroscopy, etc.) image registration and fusion. In particular, pre-operative MR to intra-operative ultrasound image fusion could substantially improve the information content of intra-treatment imaging. Finally, since this approach allows us to infer the location of internal anatomical features, it has potential application in delineating the location of tumor foci for highly targeted imageguided therapy in which intra-operative imaging may not be able to adequately resolve the region of interest.
Conclusions
To increase the accuracy of intra-procedure navigation, one of our objectives has been to increase the information content of images obtained under real-time guidance.
We have retrospectively demonstrated a method which increases the information content of intra-operative prostate imaging using high resolution pre-operative data. The method matches pre-operative high-resolution images to intra-operative images, using an initial rigid and then a non-rigid, finite element-based registration strategy. Applying the matching system prospectively can next test the utility of this method to facilitate accurate identification of the CTV during brachytherapy sessions. The ultimate goal of such methodologies is to be able to identify the target in a highly accurate fashion using matched pre-operative imaging, and then to deliver highly localized therapy under realtime guidance. *Paired t-tests showed that the linear distance in mm between the landmarks and the target position in the intra-operative image was lower in the deformed as compared to the undeformed dataset for both sets of points. were selected in the posterior aspect of the PZ and CG, respectively, near the midline.
Midline structures and local image characteristics (e.g. nodule of benign prostatic hyperplasia) were used for reference in selecting the points in corresponding images. 
